The influence of phytochrome (high irradiance reaction operationaly, continuous far red light) on the incorporation of 3HIurdlne into the cytoplasmic 2.5 megadalton precursor rRNA in the cotyledons of mustard (Sinapis alba L.) seedlings has been investigated. After irradiatig 36-hourold etiolated seedlings with 12 hours of far red light, the rate of inorporation is stimulated about 2-fold, leading to 50% labeling of the precursor rRNA pool about 15 minutes after the tracer has reached the nucleotide precursor pooL In the dark control, there is a sipificantly smaler pool of precursor rRNA which is half-saturated with label only after about 27 minutes. Since neither the specific radioactivity of the UT pool nor the processing of the precursor rRNA demonstrate a corresponding ightdependent change, it is concluded that phytochrome mediates an increase of the transcription of the rRNA genes. Tnis gene activation acconts for the increased accumulation of mature cytoplasmic rRNA during the course of photomorphogenesis of the cotyledons.
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In a previous paper (23) , we have shown that light, via phytochrome, stimulates the accumulation of cytoplasmic and plastid rRNA in the cotyledons of mustard seedlings. The details of the molecular mechanism of these photomorphogenetic responses are still unclear. For instance, since rRNA can be subject to turnover (15, 26) , the measured increase of accumulation could be due either to an enhancement of the formation or a slowing down of the degradation of rRNA. The occurrence of degradation of cytoplasmic rRNA is clearly shown in older mustard cotyledons (>60 h after sowing), but might be masked by rRNA synthesis before this time (23) . Previous attempts to demonstrate a phytochrome-mediated stimulation of de novo synthesis of RNA have failed (6) or have been regarded as growth effects not directly related to phytochrome action (13) . Even in those cases where the light-induced increase of specific proteins has been traced back to an increased mRNA activity (1, 25) or amount of mRNA (3), it is not yet clear whether these responses are regulated directly at the gene level. It is thus not in contradiction with the experimental facts to maintain that phytochrome controls photomorphogenesis through posttranscriptional mechanisms (e.g. 13, 19, 20) .
The synthesis of rRNA provides at present the only system in eucaryotic plants in which the in vivo transcription of a gene of known function can be studied directly by measuring its primary transcript. The DNA sequences coding for the various RNAs of cytoplasmic ribosomes represent defined segments of a transcription unit producing a high-mol-wt precursor rRNA which gives rise to the mature rRNAs by a sequence of specific cleavage steps.
Supported by Deutsche Forschungsgemeinschaft (SFB 46). 2 To whom correspondence should be addressed.
Thus, this pre-rRNA3 can be regarded as a direct gene transcript. The high degree of amplification of the rRNA gene (in the range of 103_-1o copies/nucleus) and the specific size of the pre-rRNA molecule greatly facilitate the detection and quantification of this gene product. These unique properties make the rRNA gene a convenient experimental system to investigate ifthe phytochromemediated photomorphogenesis involves control at the level of transcription. Of course, it can neither be presumed that phytochrome functions directly at the gene level nor that a phytochrome-controlled transcription of the rRNA gene can be related to specific photomorphogenetic responses. This control may, however, be important for the adjustment of the capacity of protein synthesis during light-mediated development.
We investigated the effect of phytochrome on the activity of the rRNA genes by measuring the (8, 14) .
A preliminary note related to this paper has been published earlier (24) .
MATERIALS AND METHODS
Mateials. Seedlings of mustard (Sinapis alba L.; same batch of seeds) were grown under axenic conditions at 25°C and irradiated with continuous standard far-red light (3.5 wm-2) as described previously (23) . No (1100 TBq mol-1; Amersham-Buchler, Braunschweig) in a 4-cmdiameter petri dish on the shaker. This ensured aerobic conditions and rapid uptake of label. All manipulations and incubations were performed under far-red light (irradiated seedlings) or under ineffective green safe light (dark-grown seedlings). Washing twice in 500 ml ice-cold water (3 min) was sufficient to remove free uridine from the cell wall space. Phenol/SDS extraction and PHYTOCHROME-MEDIATED PRE-rRNA SYNTHESIS polyacrylamide gel electrophoresis (scanning at 265 nm) ofnucleic acids were described previously (23) .
Determination of Mol Wt. A linear relationship between log mol wt and electrophoretic mobility was assumed. Calculations are based on a mol wt of 1.3 and 0.7 megadalton for mature cytoplasmic rRNAs (23) .
Determination of Radioactivity. Gels were frozen on dry ice at exactly their scanned length and cut into 1-mm slices using a Mickle gel slicer. Slices were dissolved in 0.5 ml Soluene 100 (Packard) at 60°C for 36 h, and radioactivity was counted after addition of 15 ml toluene-based scintillation fluid and a trace of ascorbic acid. Counting efficiency (53%o) was determined with a [3H]toluene standard. Total uptake of uridine was assayed by counting radioactivity in 0.1-ml aliquots of tissue homogenate treated as described for gel slices.
Labeling of the UTP Pool. Total purine and pyrimidine nucleotides were extracted with 50%o boiling ethanol (containing 2 mm Na2EDTA) from 40 pairs of cotyledons previously ground to a fine powder in liquid nitrogen. The supernatant ofthe homogenate was treated with chloroform:isoamylalcohol (24:10) and phenol and then passed through a Polyclar AT column from which a spectroscopically pure nucleotide fraction eluted at the front (W. Thien, unpublished data). The nucleotides were separated on polyethylene imine thin-layer plates (4), from which UTP was recovered with triethylamine bicarbonate (27). After transferring to distilled water, UTP was determined (7) and radioactivity was counted by scintillation spectrometry.
Isolation of Plastids. Cotyledons of 160 seedlings were ground in a homogenization medium (2) and filtered through four layers of cheese cloth. The sediment, obtained after centrifugation (1,-lOOg for 10 min) of 500g, 1 min supernatant, was resuspended in 10 ml homogenization medium and centrifuged again at 1,100g for 10 min, and the nucleic acids were extracted from the pellet as described above.
RESULTS AND DISCUSSION
Tracer Uptake and Precursor Pool Labeling. The quantitative interpretation of labeling data in terms of synthesis rate of a particular biosynthetic product requires proof that (a) the uptake of the tracer is sufficiently rapid so as not to be rate-limiting and (b) the specific radioactivity in the precursor pool is not changed by the experimental treatment of the plants (21) . Table I presents evidence that both prerequisites are fulfilled in the cotyledons of mustard seedlings. The partly submersed, agitated cotyledons from dark-grown as well as from irradiated seedlings take up about 10o of the applied uridine within 15 min. Roughly 3% of the label taken up is found in the UTP pool, and 4 to 8% has been incorporated into newly synthesized rRNA within this period of time. These results are in agreement with the operation of an effective carrier system for uridine which is immediately phosphorylated by uridine kinase after entering the symplast (16) . There is no indication of an effect of the far-red light pretreatment on the absolute or relative amount of radioactivity in the cellular UTP pool. It appears justified, therefore, to assume that also the size and specific radioactivity of the nuclear UTP pool feeding pre-rRNA synthesis is not influenced by light.
Kinetics of rRNA Labeling. Mustard seedlings were grown for 36 h in darkness and then either irradiated with continuous farred light or left in darkness for a further 12 h. At this point, the rate of accumulation of the cytoplasmic rRNAs in the cotyledons is increased about 2-fold by the light treatment (23) . Electrophoretic profiles obtained after fractionation of total RNA on polyacrylamide gels after labeling the isolated cotyledons with [3H] uridine for various periods of time are shown in Figure 1 . While the absorbance scan reveals only the mature cytoplasmic (1.3 and 0.7 megadalton) and plastid (1.1 and 0.56 megadalton) rRNA peaks, the radioactivity profiles indicate the presence of a labeled RNA fraction of about 2.5 megadalton. After 15 min of labeling, radioactivity was largely restricted to this peak and a background of polydisperse RNA which may be composed of rapidly labeled polydisperse nuclear RNA and mRNA (5) . After 30 min of labeling, peaks with a mol wt slightly higher (1.4 and 0.75 megadalton) than the mature cytoplasmic rRNAs become prominent, while at later times the large amount of label accumulating in the mature rRNAs make these intermediary sized rRNA precursor species undetectable. A rapidly labeled heavy component (2.8-3.4 megadalton) in addition to the 2.5 megadalton-as reported for several other plants (e.g. 10, 18) and artificial aggregates (9)-could not be demonstrated in our material by using either cold phenol extraction or hot phenol/cresol extraction. Thus, in agreement with other plants in which the 2.8 to 3.4 megadalton component is apparently missing (e.g. 15, 17, 18) , the processing of cytoplasmic rRNA involves a primary transcript of2.5 megadalton and intermediates of 1.4, 1.0, and 0.75 megadalton (17) .
Labeling of mature plastid rRNA could not be observed up to 120 min of incubation. Furthermore, in short-term labeling experiments, no incorporation of uridine into a presumptive high-molwt precursor rRNAs of plastids (11) could be detected (Fig. 2) . These results are in agreement with earlier reports indicating a much slower rate of labeling of plastid rRNAs as compared to cytoplasmic rRNAs (10) . Figure 3 shows the kinetics of labeling of pre-rRNA and its combined processing products (the 1.4 and 0.75 megadalton intermediates could not be quantitatively resolved by the electropho- retic system used) as determined from a representative number of exclusively represent mature rRNA after 60 min of labeling ( Figure I were used to calculate the amount of label incorporated in the peaks of pre-rRNA and its processing products. To correct for polydisperse RNA, a straight line connecting the cpm level at 1 and 6 cm distance from the gel origin was drawn and used as a baseline for determining the peak areas (see Fig. 1 ). However, very similar curves are obtained without this correction. The time required to reach half-maximal labeling of pre-rRNA in dark-grown and far-red-irradiated cotyledons (37 and 25 min after the start of incubation, respectively) is indicated by arrows. The amounts of RNA applied to the gel are equivalent to the RNA content of 0.4 pairs of cotyledons. these self-sustained organs which is lacking in plant segments reported to demonstrate impaired processing upon isolation (12) .
Labeling of pre-rRNA approaches saturation after about 1 h in both dark-grown and irradiated cotyledons (Fig. 3) . Far-red light increases the saturation level of the stationary pre-rRNA pool as well as the rate at which saturation is obtained. Fig. 3 ). The onset of far-red iffadiation was at 36 h after sowing. for half-labeling of the pre-rRNA pool is considerably shorter in irradiated compared to dark-grown cotyledons (about 25 versus about 37 min). Extrapolation of the linear portion of these kinetics indicates a lag of about 10 min in both dark-grown and irradiated cotyledons which can be attributed to the time required for the label to reach the nucleotide precursor pool. Thus, the true halflabeling time of the pre-rRNA pool can be approximated to be about 15 and 27 min for irradiated and dark-grown cotyledons, respectively. Figure 3 shows that the transfer of radioactivity from the pre-rRNA pool to the pre-rRNA processing products is a very rapid process which quantitatively reflects the effect of light on the pre-rRNA labeling kinetics. In the 60-to 120-min intervalwhen the pre-rRNA pool has reached constant specific radioactivity-the rate of labeling is increased in the light-grown tissue about 1.4-fold, in agreement with a 1.3-fold increase in the prerRNA pool size. This indicates that the rate of pre-rRNA processing quantitatively depends on the amount of pre-rRNA present, but demonstrates the same rate constant (i.e. the same prerRNA half-life) in dark-grown and irradiated tissue. It is interesting to note that, in a related study dealing with the influence of THIEN ANE auxin on the labeling kinetics of precursor and mature RNAs in artichoke tissue (15) , a discrepancy between the hormone-mediated increases of pre-rRNA pool size and the accumulation rate of mature rRNAs has been found. This result has been taken as evidence that the switching on of rRNA accumulation in this tissue is in part due to an increase in transcription of pre-rRNA and in part due to posttranscriptional control involving changes in the kinetics of processing.
Time Course of Phytochrome-Mediated Pre-rRNA Synthesis. Figure 4 shows the influence of phytochrome on the temporal changes of the rate of pre-rRNA synthesis during cotyledon development as revealed by 15-min labeling pulses. The rate of pre-rRNA synthesis reaches a peak in the 48-h-old dark-grown seedling. After a lag-phase of about 6 h, far-red light increases this peak and shifts it by about 6 h. In the 72-h-old seedling, prerRNA synthesis has dropped to a very low level in both light and darkness. Figure 5 shows a comparison of the actual accumulation kinetics of mature cytoplasmic rRNA with the accumulation kinetics calculated from the rates of synthesis presented in Figure  4 . It is obvious that both sets of data can be fitted by the same curves. This indicates the absence of a turnover of rRNA up to about 60 h after sowing. Therefore, the time course of rRNA accumulation up to this point represents rRNA synthesis which is followed by a period of rRNA degradation.
CONCLUSIONS
Our experiments provide evidence that the synthesis of the cytoplasmic pre-rRNA (i.e. the transcription of the nuclear rRNA genes) in the cotyledons of mustard seedlings is controlled by phytochrome. This conclusion is based on the finding that the incorporation of [3H]uridine into the rRNA gene transcript is stimulated by continuous far-red light under conditions where neither the labeling of the nucleotide precursor pool nor the halflife of pre-rRNA processing show a corresponding light effect.
The phytochrome-mediated stimulation of pre-rRNA synthesis accounts for the increased accumulation of mature cytoplasmic rRNA in this tissue. The relatively long lag-phase of 6 h between the onset of light and the increase of pre-rRNA synthesis as well as the rather unspecific role of rRNA in cell development argue against the assumption that this gene activation is the master-key for the understanding of phytochrome-mediated photomorphogenesis.
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